This paper describes the role of air masses in transporting iron to the coastal zone of the Gulf of Gdansk. Fe(II) concentrations in rainfall were measured between 19 th January and 30 th November 2005 in Gdynia, during which time they varied from 0.74 μmol dm -3 to 97.45 μmol dm -3 . The relationship between iron concentrations and precipitation amount, including during preceding rainless periods, was calculated. The effectiveness of washing iron out of the atmosphere is described by the exponential function of precipitation duration.
INTRODUCTION
The atmosphere is a source of iron both dissolved in rainwater and in aerosols. Iron is removed from the atmosphere by either dry or wet deposition. It is believed that precipitation constitutes the main source of iron to the oceans, equal to at least 80% of total atmospheric deposition. The mineral iron present in aerosols is not immediately soluble in seawater, and is therefore not bioavailable. However, acid reactions of rainwater and aerosols, as well as photochemical processes taking place in the air during mass transport, can transform mineral iron into soluble chemical forms of Fe(II) and Fe(III) (Duce and Tindale 1991) . Hence, even the unavailable forms of iron present in dusts can, as a result of a number of reactions (photoreduction, oxidation, complexing and precipitation) during transportation in the atmosphere, washing out or mixing in seawater, become transformed into more reactive, soluble and bioavailable forms (Hanson et al. 2001) .
Coastal waters are usually characterised by raised concentrations of dissolved iron compared to open ocean waters, which results from the proximity of terrigenous sources, the continental shelf and river inflow (Achterberg et al. 2001 ). According to Pempkowiak et al. (2000) , the concentration of dissolved iron in the surface coastal waters of the Baltic Sea equals approximately 18 µmol dm -3 and is higher than in the oceanic waters. However, despite higher iron concentrations in the coastal waters, phytoplankton may be limited with relation to iron availability, especially because some coastal phytoplankton species require more iron than ocean species (Lewandowska and Kosakowska 2004) . If bio-available iron is delivered from the atmosphere to the surface waters in which iron concentration is limiting primary production, it can stimulate phytoplankton growth. Research on cultures of green algae, diatoms and blue-green algae, which are responsible for phytoplankton blooms in the southern Baltic, confirms the hypothesis that decreased iron concentrations in the environment inhibit the growth of phytoplankton (Kosakowska 1999 , Paczuska and Kosakowska 2003 , Lewandowska and Kosakowska 2004 , Őztűrk et al. 2004 .
The coastal zone of the Gulf of Gdańsk is affected by water from the Vistula River, which supplies iron, as well as by atmospheric dry and wet depositions. A special role is played by the surf zone, which stimulates the emission of aerosols containing not only sea salts but also iron compounds. Moreover, iron terrigenous sources seem to be significant (Dunajska et al. 2006) .
The aim of the present study was to determine the sources of air masses transporting iron into the costal zone of the Gulf of Gdańsk, and to determine the factors that affect concentrations of iron washed out from the atmosphere during wet atmospheric depositions.
MATERIALS AND METHODS
In the period from 19 th January to 30 th November 2005, 66 rainfall samples were collected on the roof of the Faculty of Biology, Geography and Oceanography building (University of Gdansk) in Gdynia (ϕ = 54º50'; λ= 18º50'). The building is located in the city centre, one kilometre from the costal line of the Gulf of Gdansk. The durations and types of the rain events were recorded.
The precipitation sample collecting equipment consisted of a polyethylene funnel 25 cm in diameter, a teflon ring and a polyethylene 1 dm 3 bottle, all mounted 20 m above mean sea level (amsl), higher than surrounding tree tops.
The samples were collected from the sampling equipment after each rain event, as soon as the rainfall had ceased. During rainless periods, the surface of the funnel was washed with milli-Q water and the bottle replaced. Prior to use each bottle was treated with 4 M hydrochloric acid, washed with deionised water, dried and weighed. Samples were transferred to the laboratory where the quantity of the precipitation that had fallen on the funnel surface (0.03925 m 2 ) during the rain event was measured by weighing. In the case of snowfall or sleet, the sample was first melted to room temperature (average 20ºC), and then weighed. The time span between removing the rainwater bottle from the equipment and its arrival in the laboratory never exceeded five minutes.
The pH and conductivity of the rainwater samples were measured directly after collection. pH was measured with a hydrogen electrode, and the conductivity was ascertained, at a temperature of 25ºC, with a conductivity meter, accurate to ±0.5% (measuring range: 0.0 µS cm -1 -500 µS cm -1 ). The rainwater was poured into polyethylene bottles (previously treated with 4 M HCl, washed with milli-Q water and dried), the sample acidified to pH=2 and stored in a refrigerator, at 4ºC, until it was analysed. The pH was lowered in order to slow down oxidation of Fe(II) to Fe(III).
Stoookey's (1970) method of using ferrozine to determine the total dissolved iron and dissolved Fe(II) in rain samples, was applied. This method requires little water and few manual activities, minimising the risk of contamination. Moreover, this method is recommended in the latest available publications concerning the determination of iron speciation in rainwater (Kieber et al. 2001a (Kieber et al. , 2001b (Kieber et al. , 2003 .
Directly before the chemical analyses were performed samples were filtered through pre-cleaned 0.4 μm polycarbonate Whatman filters (φ=47 mm). In order to determine total dissolved iron concentrations in the samples, 1 cm 3 of acetate buffer was added to 5 cm 3 of filtered sample, increasing the pH to 4.65. 0.5 cm 3 of hydroxylamine hydrochloride was then added, to reduce Fe(III) to Fe(II). After 1 hour 0.2 cm 3 of ferrozine was added, which reacted with Fe(II) to create a coloured (purple) complex. Absorptions of treated samples were measured on a spectrophotometer Cadas 200, produced by dr. Lange, in a 1 cm cell at 562 nm. Relative standard deviation (RSD) of total iron concentrations within the range of low concentrations (<1.790 µmol dm -3 ) was 2.0%, and in the high concentrations (>7.160 µmol dm -3 ) was 3.3%. The detection limit calculated from the formula LD=3SD of a blind test was 0.5 μmol dm -3 for the method used. In order to determine the dissolved Fe(II) concentrations, 1 cm 3 of acetate buffer and 0.2 cm 3 of ferrozine were added to a 5 cm 3 sample. Directly after adding the chemicals, the absorption was measured on a spectrophotometer as in the case of Fe TOT . The dissolved Fe(III) concentration was calculated as the difference between the concentrations of total dissolved iron and Fe(II) (Kieber et al. 2001a ).
The % mass fraction of Fe(II) in the total dissolved iron was calculated in order to attempt to determine the origin of aerosols containing iron. Kieber et al. (2001b) highlight that Fe(II) is of terrigenous origin while Fe(III) is of anthropogenic origin, so if the Fe(II) mass fraction in Fe TOT exceeds 50%, it will indicate the mineral origin of the iron inputs.
Meteorological data
48-hour air-mass backward trajectories at a height of 20 m above ground level for each sampling period were constructed using the atmospheric model HYSPLIT (Draxler and Rolph 2003, Rolph 2003) and data from the meteorological database at the National Oceanic and Atmospheric Administration (NOAA), accessible on the internet (http://www.arl.noaa.gov/ready.html). Results of PM 10 2 concentrations, as well as the meteorological data including temperature, pressure and wind velocity recorded at station AM10 in the Gdynia Centre, were obtained from the ARMAAG Foundation (www.armaag.gda.pl).
RESULTS AND DISCUSSION
The concentration of iron in the rain over Gdynia in 2005 varied from 0.74 μmol dm -3 to 97.45 μmol dm -3 . In order to determine the physico-chemical processes that affect the iron concentrations of precipitation, meteorological conditions and back trajectories of the air masses prior to their arrival over the costal station, were analysed.
Atmosphere cleaning process -long rainless period (20 days)
The frequency and duration of rainfall events are the basic constraints for the effective cleaning of aerosols and gaseous molecules from the atmosphere. In 2005 the highest concentration of Fe(II) occurred in the rain of 16 th July. That rain event took place after the longest (over twenty-day long) rainless period of the sampling time. It was an intense, short rainfall characterised not only by the highest concentration of Fe(II), but also by high values of conductivity and PM 10 (Table 1) . Interestingly this rain event was the smallest volume sample collected in the warm season, and had a relatively high pH, at 6.6 ( Table 1) .
These results imply, according to Das et al. (2005) that there might be both alkaline compounds of anthropogenic origin (calcium carbonate, volatile ashes containing calcium oxide and magnesium oxides) and of natural origin (such as NH 4 + , which comes from soil fertilisation, animal husbandry or burning biomass) in the sample. Additionally, that rain event took place on the warmest sampling day of the research period (16 th July temperature was 23.2ºC, warm season's mean temperature =14.3ºC, Table 1 ). Willey et al. (2000) highlight that concentrations of iron are higher at higher air temperatures in the warm season. The noticed changeability of iron concentration related to the temperature Table 1 Meteorological conditions and physical and chemical parameters of precipitation that characterised the process of atmosphere cleaning (n = number of records of meteorological conditions and PM 10 concentrations taken during precipitation events). , when average air temperatures were 6.8ºC and -1.1ºC, respectively. The single, short rain event observed on 16 th July was not able to clean the atmosphere completely, however. The concentration of iron in the sample collected following the next rain event, on 20 th July, was eight times lower than on 16 th July, while the amount of precipitation was almost an order of magnitude greater. In the course of the following days (20.07, 21.07 and 22.07), the Fe(II) concentrations in the rainfall decreased, as did the values of atmospheric pressure, temperature, pH and electrolytic conductivity (Table 1) . Rainwater collected in the period from 16 th to 24 th July characterised the atmosphere cleaning process, with the effect of exponentially decreasing Fe(II) concentrations in the rainfall (Fig. 1) .
The air masses related to the precipitation of 16 th July arrived over northern Poland from the Danish Straits and Sweden, and remained over the region of Pomerania for approximately 24 hours (Fig. 2) . These masses travelled very slowly and very close to the ground. The low wind velocity (1.5 m s -1 ) indicates rather local sources of terrigenous aerosols dissolved in the rainwater. The rainfall of the 20 th , 21 st and 22 nd of July resulted from air masses that had arrived from Western Europe, and which had, for over 24 hours, travelled almost directly above the ground (Fig. 2) . Rain events on the 23 rd and 24 th July resulted the lowest and third lowest iron concentrations observed in any of the samples collected. These results show that the air that travelled over the land of north-western Europe, the Danish Straits and the southern Baltic (Fig. 2) , was to a large extent cleared of terrigenous aerosols, especially iron, in the rainfall on 22 nd and 23 rd of July (Table 1) .
It seems that the quantity of iron in rainfall may be related to the source of the air mass from which the precipitation falls. For example, and rather counterintuitively, the concentration of Fe(II) in the rainfall sample collected on 15 th June was over twice as high as that seen in the rainfall sample from 14 th June, despite similar volumes, meteorological conditions and physico-chemical parameters of precipitation ( Table 2 ). The air mass associated with the precipitation of 14 th June arrived from the west, whilst that associated with the precipitation of 15 th June came from the north-east, these two different source areas apparently resulting in different iron loads (Fig. 3) . Additionally, 48 hours prior to the precipitation of June 14 th no rain event took place either above the western Poland or above the Gulf of Gdańsk, and the relevant air masses Table 2 Meteorological conditions and physical and chemical parameters of precipitation with high iron concentration in the final phase of rain event (n = number of records of meteorological conditions and PM 10 concentrations taken during precipitation events). travelled about 200 meters above ground level (Fig. 3 ). This means that the precipitation of 14 th and 15 th June effectively cleaned the atmosphere of the substances coming from those various source areas.
High iron concentrations after a rainless period (9 -15 days)
In an effort to investigate the influence of temporal dynamics on the dissolved iron concentration of rainfall the trajectories of air masses associated with precipitation events occurring after rainless periods of between 9 and 15 days were examined.
The rain events of 1 st May, 25 th June and 12 th September each took place after a rainless period lasting at least 9 days and were characterised by high iron concentrations and small volumes of precipitation (Table 3 ). These samples had notably high values of electrolytic conductivity, all above 100 μS cm -1 , and were associated with low wind velocities, indicating local sources of aerosols transporting sea salt components such as Na + or Cl - (Falkowska et al. 2004) . In these instances the aerosols could be terrigenous in origin, enriched with marigenic aerosols since 24 hours before each of the three rain events the air masses were directly above the waters of the Gulf of Gdańsk (Fig. 4) . In each of the three cases the aerosols were washed out in the rainfall events. The air mass associated with the precipitation of 12th September arrived above Gdynia, across the Gulf of Gdańsk, from Latvia, Lithuania and Kaliningrad (Fig. 4) . As well as high iron concentrations it also brought relatively high PM 10 dust concentrations. Low wind velocity indicated local aerosol sources from above the Gulf of Gdańsk, which were washed out both in the rainfall of 1 st May, 26 th June and 12 th September.
Low iron concentrations in air masses arriving from the west
Contrary to the cases described above, the rain events of 29 th September and 5 th November, which also took place after rainless periods (a 13-day period and a 10-day period, respectively), were characterised by low iron concentrations (Table 4 ). It is noteworthy that the above rainfalls occurred from air masses arriving above the coastal station from the west and from the Czech Republic and Slovakia over mid-Poland (Fig. 5) , and were characterised by substantial amounts of precipitation (Table 4 ). Among the meteorological parameters, the amount of precipitation probably had the biggest influence on iron concentrations. It is also worth noting that the rainfall of 21 st January and 1 st Table 3 Meteorological conditions and physical and chemical parameters of precipitation following a rainless period and characterised by high iron concentrations (n = number of records of meteorological conditions and PM 10 concentrations taken during precipitation events). August took place after short rainless periods (Table 4 ). On the trajectory of the air mass that resulted in the rainfall of 21 st January (Fig. 5 ) it is visible that on 20 th January, between midnight and 6.00 am, a rain event above the North Sea and Germany occurred, thus the air mass that arrived over Gdynia on 21 st January might have been partly cleaned. An analogous situation was observed on 1 st August, the air mass that arrived over Gdynia might have been cleaned by the rainfall on the morning of the 30 th July above Saxony and Mecklenburg (Fig. 5 ). When the rainless periods above Gdynia extended to 10 or even 13 days, the Fe(II) concentrations in the rainwater did not increase as the result of relatively abundant precipitation. High Fe(II) concentrations occurred following transport of air masses from the west only when the rainless period before the precipitation became prolonged (e.g. precipitation of 16 th July) (Fig. 2) . However, in cases where there were no more than one or two rainless days (e.g. precipitations of 21 st January and 1 st August), the air masses did not have enough time to be enriched with terrigenous material containing iron, and the resulting concentrations in the rainfall were lower. Furthermore, the results suggest that anthropogenic sources in Western Europe and Pomerania do not have a significant impact on iron concentrations in precipitation over the Southern Baltic Sea.
Air masses from the Scandinavian Peninsula
Among the air masses arriving at the coastal station in the year 2005 those from the north sector, from the Scandinavian Peninsula, were notable for their long trajectories and travelling altitude, up to 1000 m above ground level (Fig. 6) , indicative of enrichment with anthropogenic aerosols.
The rain events that took place from the air masses arriving from the north contained both high iron concentrations (sleet of 9 th March and rain of 17 th October) and low iron concentrations (sleet of 19 th November). Notably the sleet of 9 th March had a relatively low pH (Table 5) . Millero et al. (1995) stated that in the cool season high concentrations of dissolved iron occur most often Table 4 Meteorological conditions and physical and chemical parameters of rainfall characterised by low iron concentrations resulting from air masses travelling from the west (n = number of records of meteorological conditions and PM 10 concentrations taken during precipitation events). together with low pH values because these aid the ease of conversion of mineral iron into the ionic form. High iron concentrations were also seen in precipitation with both low and high conductivity values, and high PM 10 concentrations (Table 5 ). In the case of air masses arriving from Scandinavia, the amount of precipitation is probably more important than the period before the rainfall, with regard to the iron concentration. For example in the rainfall of 17 th October, which took place after 15 rainless days, the Fe(II) concentration was less than half that seen in the small quantity of sleet collected on 9 th March, which occurred after only two rainless days. This shows that both the quantity of precipitation and the length of rainless time preceding the precipitation are important factors in determining the iron concentration of rain over the urbanised coastal zone of the Gulf of Gdańsk. The sleet event of 19 th November was intense, with a high volume and low conductivity and PM 10 concentration (Table 5 ). This case seems to be another example of where the quantity of precipitation determines the iron concentration from air masses that have similar metrological conditions and arrive from the same direction.
It must be noted that the air masses responsible for precipitation events containing the highest iron concentrations travelled to the coastal station from the Barents Sea over the northern Norway, Sweden and Finland. Those masses would have travelled over Kiruna Gallivare in Lapland, where the largest underground iron mine in the world is located, and from Kirkenes in northern Norway, which is famous for its rich iron ore deposits (Fig. 6) . Such passages of air may have increased the iron concentrations in the anthropogenic aerosols which were later washed out by the rainfalls over Gdynia.
CONCLUSIONS
In 2005 iron concentrations washed out of the atmosphere by rain over the urbanised coastal zone of the Gulf of Gdańsk were very variable. This Table 5 Meteorological conditions and physical and chemical parameters of precipitation resulting from air masses arriving at Gdynia from the Scandinavian Peninsula (n = number of records of meteorological conditions and PM 10 concentrations occurring during precipitation events). variability was largely determined by two parameters: the amount of precipitation, and the length of the rainless period before the rainfall. The efficiency of iron washing out from the atmosphere can be explained as an exponential function of the quantity and the duration of the precipitation event.
The air masses that most often arrive at the research area are from the west, transporting iron of primarily terrigenous origin, which is washed out by the rainfall.
